Dynamics of Entangled Polymeric Fluids in Two-roll Mill studied via
  Dynamic Light Scattering and Two-color flow Birefringence. II. Transient flow by Sanyal, Subrata et al.
ar
X
iv
:c
on
d-
m
at
/0
00
63
86
v1
  [
co
nd
-m
at.
so
ft]
  2
4 J
un
 20
00
Dynamics of Entangled Polymeric Fluids in Two-roll Mill studied via Dynamic Light
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We present an extensive experimental study of birefringence and velocity-gradient components for a
series of high molecular weight, flexible, entangled polystyrene solutions subjected to transient start-
up flows in a co-rotating two-mill to several Weissenberg numbers. The time-dependent changes in
the polymer microstructure, as measured by a two-color flow birefringence technique, is shown to
be very distinctly coupled with the transient response of the corresponding velocity-field, measured
by a dynamic light scattering technique. As expected, polymer deformations induce substantial
modifications from the Newtonian flow-field. As a result, measured values of both velocity-gradient
components as well as flow-type parameter reduce, thereby drastically decreasing the extensional
strength or measured Weissenberg number at the stagnation-point relative to the velocity-field for a
Newtonian fluid. This result is very similar to that seen with dilute polymer solutions, although the
mechanism responsible should be different. Both birefringence and flow-parameters show distinct
undulations in their transient response which appear at earlier times with increased intensity as the
Weissenberg number of the flow is increased. These undulations are shown to be strongly correlated
to each other in time, indicating that the same underlying dynamics should be responsible for both.
The transient variation of magnitude of the measured flow-parameters is found to be most pro-
nounced for the polymer solution with the smallest number of entanglements per chain. Although
the impact of the dynamics of both polymer on flow and flow on polymer are very complicated, their
individual behaviors and the tight coupling between them are shown to be invariant to the changes
in polymer concentration and molecular weight, provided that the number of entanglements per
chain, Ne is held fixed. The dependence of the transient results on Ne is very similar to that found
in the steady-state experiments on the same polymeric fluids (Sanyal, Yavich, and Leal, manuscript
in preparation, 2000). The results presented in this paper are in close qualitative agreement with
the recent theoretical predictions (Remmelgas and Leal, J. Non-Newtonian Fluid Mech. 90, 187,
2000) using a reptation-based vector model.
I. INTRODUCTION
Characterization of dynamics of entangled polymeric
fluids subjected to macroscopic deformations imposed by
a flow-field is of great importance for processing of poly-
mers, with the objective of producing materials of desir-
able properties. In most cases, this requires to generate
large deformation-induced anisotropy in the polymer mi-
crostructure, i.e., a strong alignment and stretch of the
polymer chains along preferential directions. However,
most experimental efforts on entangled polymers till date
were restricted to cases that involve relatively small con-
formational changes, such as in viscometric flows, and
there have been only a few studies of entangled poly-
mers subjected to purely extensional and/or extension-
dominated “mixed” flows [1] (also called “strong” flows,
since the magnitude of the strain-rate exceeds the vortic-
ity in these flows), where large deformations on the poly-
mer conformation can be achieved. The primary reasons
for this were, firstly, the difficulty in producing small-
scale laboratory flows with such extensional characters,
and secondly, the non-availability of simultaneous flow
characterization procedures for such flows, compared to
the case of nearly homogeneous viscometric flows where
the flow-field does not change much from the simpler
Newtonian form and hence stress (or birefringence) can
be measured and interpreted globally within the flow. An
added reason for the lack of prior experiments with strong
flows is that for complete characterization of dynamics
one has to take into account of the tight coupling that
exists between flow effects and polymer conformational
effects. That is, when large deformations are imposed on
a polymeric fluid, the same flow properties that cause the
conformation of polymer molecules to change, are also af-
fected by the changes of the polymer molecules. Thus, in
order to produce meaningful data for the characterization
of polymeric materials it is required to measure, simul-
taneously and independently, the polymer conformation
as well as the properties of the flow-field.
On the theoretical frontier, most efforts in recent years
were focused in developing molecularly based constitutive
equations for entangled polymer solutions. In particular,
the original Doi and Edwards (DE) reptation based tube
model [2] was extended to include non-uniform chain-
stretching to give rise to the so called Doi-Edwards-
Marrucci-Grizzuti (DEMG) model [3,4]. Although very
successful in predicting polymer dynamics for homoge-
neous flows, numerical simulations of these models for
non-trivial flows become too complex and computation-
ally non-tractable. In order to avoid this difficulty, many
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simplified approximations [5,6] were suggested over the
number of years, of which the latest one is that due to
Remmelgas et al. [6], which proposed a single vector ap-
proximation to the DEMG model and separately treated
the dynamics of stretch and orientation of the entangled
polymers in flow, thereby making the numerical simula-
tions of the same simpler.
The model comparison of experimental results on en-
tangled polymeric solution subjected to steady-state or
time-dependent flows in the past have followed the tra-
ditional rheological path of focusing on shear-flows [7,8],
primarily because of the earlier-stated reason. On the
other hand, for entangled polymeric fluids subjected
to steady-state or time-dependent extension-dominated
flows, the situation was far more complex, because even
though the changes in the polymer conformation in such
a flow could be measured with the use of a two-color
flow birefringence (TCFB) technique [9], simultaneous
unambiguous measurement of flow-parameters was not
available until the advent of a dynamic light scattering
(DLS) technique [9,10] in recent years. In absence of
a full-fledged fluid mechanical calculation for the simul-
taneous prediction of flow-field and birefringence in such
flows using the DEMGmodel, one useful way would be to
compare the experimental birefringence results with that
obtained from the numerical simulations of the DEMG
model, by using the DLS measurements of the velocity-
gradients as input to the model. This too have been pos-
sible only for steady-state flows [11,12] recently, and the
work is underway to develop numerical codes for time-
dependent flows [13]. In addition, the recent work of
Remmelgas et al. [6] allows one to calculate prediction
for the dynamics of both polymer microstructure and the
flow simultaneously using a model which approximates
the DEMG model, as noted earlier. In this respect, it is
extremely important to create an experimental database
for entangled polymers subjected to extension-dominated
flows which will provide a unique basis to test the predic-
tions from the aforementioned reptation based models.
With this in mind, the purpose of the present series
of papers is to understand the dynamics of entangled,
high molecular weight polymeric fluids subjected to the
strong [1], extension-dominated flows generated at the
stagnation-point of a co-rotating two-roll mill. An im-
portant characteristic of strong flows is that adjacent ma-
terial points separate exponentially in time (and this is
necessary to efficiently achieve high polymer extensions),
rather than linearly as found in weak (shear) flows. We
have undertaken an extensive study of a series of entan-
gled polystyrene solutions, where the polymer conforma-
tion is measured with the use of a TCFB method [9] and
the corresponding velocity-gradients of the flow-field are
obtained by using a DLS technique [9,10] developed in
our laboratory. The results from such a study are pre-
sented in the present series of papers. In the Part I [12]
of this series, we have presented the results when the
polymeric fluids are subjected to steady-state flow con-
ditions in a two-roll mill, where a detailed comparison
of the TCFB results for the samples with the DEMG
model [3,4] is also carried out. In this paper, we present
transient measurements of the birefringence and velocity-
gradient in start-up of a strong, extensional-type two-roll
mill flow from rest, to gain useful insight about the time-
evolution of the coupled dynamics of the polymer con-
figuration and the imposed velocity-field from an initial
condition to a steady-state.
The paper proceeds first by introducing in sec. II the
experimental methods and the samples used in this study.
The results from our time-dependent experiments are de-
tailed in sec. III, where we begin (in sec. III.A) with char-
acterizing the inception of flow with the use of a New-
tonian fluid. We then show how the flow-field is mod-
ified relative to that expected for a Newtonian fluid by
the presence of polymers. The measurements of the dy-
namical evolution of the birefringence, orientation angle,
velocity-gradient and flow-type parameters following the
start-up of a flow from rest for the three entangled sam-
ples of our study are described in sec. III.B. Section IV
deals with the discussion of the results, where we com-
pare the flow- and polymer-dynamics of the samples at
similar rates of flow-deformations (i.e., Weissenberg num-
bers) in sec. IV.A, characteristic strains at the overshoot
of birefringence for inception of flow in sec IV.B, and the
measurements made at different positions in the gap be-
tween the rollers of the two-roll mill in sec IV.C. Finally,
sec. V contains a summary of our findings and conclusion.
II. EXPERIMENTAL METHODS AND
MATERIALS
As described in Part I [12], we use three moderately
entangled polystyrene solutions, PS81, PS82 and PS2,
and a Newtonian fluid sample. The Newtonian sample
is a suspension of polystyrene microspheres of diameter
0.11µm in glycerol at a concentration of 150 ppm. As
given in Table I, the entangled polymeric fluids are made
by mixing high molecular weight fairly monodisperse
(Mw/Mn ∼ 1) polystyrene samples in solvents. The sol-
vents were prepared by adding polystyrene oligomer with
Mw = 6000 or 2500 and a broad molecular weight dis-
tribution to toluene at specific mixing ratios by weight
(toluene: 2500 PS = 43:57 for PS81 and PS82, and 48:52
for PS2). The rheological measurements for simple shear
flow were performed using the cone and plate geometry
of Rheometrics RMS-800 rheometer with a cone diameter
of 40 mm and a gap angle of 4◦. The three polystyrene
solutions along with their characteristic rheological pa-
rameters are listed in Table I, which is reproduced from
Part I [12]. Here, Mw andMn specify the weight-average
and the number-average molecular weights respectively,
c is the polystyrene concentration, η0 is the zero-shear
2
viscosity, Ne is the average number of entanglements per
chain, τR is the longest Rouse relaxation time, and nt
is the number of Kuhn statistical subunits in the chain
calculated from the molecular weight of the polymer [14]
based on the assumption of 10 monomers per subunit.
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FIG. 1. Relative orientation of the optical system defined
by the incident blue beam polarization, the flow-cell, and the
definition of the flow-field coordinate system.
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FIG. 2. Schematic representation of the dynamic light scat-
tering configuration showing angle definitions, vector orienta-
tions, etc. The flow is in the xy-plane.
Our computer-controlled co-rotating two-roll mill is a
flow device [15] where both rollers are driven simulta-
neously by a single stepping motor to generate strong
or extension-dominated flows in the region between the
rollers. Fig. 1 shows the principal optical axes of the so-
lution and the symmetry axes of the flow-field, as well as
the relative orientation of the polarizer and analyzer for
the blue laser beam (used in our flow birefringence ex-
periments, as discussed below). Even though the flow is
quite complex throughout the flow device, in our 75µm
diameter measuring region surrounding the stagnation-
point in the central plane (xy-plane in Figs. 1 and 2) of
the two-roll mill, the Newtonian velocity-field can be well
approximated by a two-dimensional, linear (or homoge-
neous), symmetric form,
v = ∇~v · ~r = γ˙
[
0 1
λ 0
]
· ~r, (1)
in the coordinate system (Figs. 1 and 2) that is rotated
through 45◦ relative to the principal axes of the rate of
strain tensor. Here γ˙ is the magnitude of the velocity-
gradient tensor (i.e., γ˙ ≡ |∇~v|) which is a linear function
of the roller rotation rate for a Newtonian fluid at very
low Reynolds numbers, and λ is the flow-type param-
eter which ranges from −1 to 1. Pure rotational flow
corresponds to λ = −1, simple shear flow to λ = 0 and
pure extensional (or hyperbolic) flow to λ = 1. With
the use of different pairs of rollers from a set of eight
such pairs, which changes the ratio of the gap-width
between the rollers to their radius, our two-roll mill is
capable of producing mixed shear and extensional flows
with 0 < λN ≤ 0.25 for a Newtonian fluid, where the
subscript “N” used for any parameter throughout this
paper refer to the Newtonian-value of that parameter.
The two-roll mill configuration used in all experiments
reported in the present series of papers [12] correspond
to λN = 0.1501, although as we will show below the ac-
tual flow-type changes with the use of polymer solutions
due to strong flow-modification compared to the flow-
field expected for a Newtonian fluid. In the stagnation
region, the polymer has a large residual time and hence
experiences large strain and strain-rates. These make it
straightforward to highly stretch and align the polymer
chains at the stagnation-point, and owing to the substan-
tial residence time in the region of our measurement the
polymer will reach a configuration consistent with the
corresponding homogeneous flow. Thus, in the stagna-
tion region, we expect to obtain a maximum degree of
stretch of the polymer, and also a considerable degree of
flow-modification from the Newtonian velocity-field.
As noted before, the two non-intrusive experimental
methods used in this study are flow birefringence that
provides a local measurement of the polymer configura-
tion in the two-roll mill, and dynamic light scattering
that measures the local velocity-gradients. The details
of our entire experimental set-up comprising of these two
optical techniques are described in Part I [12], and hence
will not be repeated here.
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In transient flow experiments both the degree of op-
tical anisotropy (termed the birefringence, ∆n) and the
orientation χ of the principal axes of the refractive index
tensor relative to axes [(x, y) in Figs. 1 and 2)] fixed in
the flow device are unknown and varying in time. The
method of two-color flow birefringence [9], adopted in our
laboratory, provides a means to simultaneously solve for
∆n and χ at each point in time in a single experiment. In
this method, the two principal spectral lines of an argon-
ion laser (green, with the wavelength of λG = 5145 A˚,
and blue, with λB = 4880 A˚) are polarized 45
◦ relative
to each other and then passed in a collinear fashion along
an identical optical path through the sample in a flow-cell
which is placed between crossed polarizers for each beam.
The extinction angle χ is a measure of the average orien-
tation of the Kuhn segments in the polymer fluids. A full
description of the set-up and the data analysis procedure
followed in the two-color flow birefringence experiments
applied to two-roll mill flow device are previously detailed
elsewhere [15].
The complete theory of the light scattering experi-
ments relevant to our set-up can be found in Refs. [9,10].
Fig. 2 shows the orientation of the incoming light, ~ki, the
scattered light, ~ks, and the scattering vector, ~q = ~ki−~ks.
Provided that the seed particles are isotropic scatter-
ers, and the time scale associated with the velocity-
gradient [tγ˙ ∼ (qγ˙L)−1, where L is the laser beamwidth]
is much smaller than the time scale for diffusive motion
[tD ∼ (Dq2)−1], and the laser beam profile is Gaussian,
the homodyne intensity auto-correlation function for a
linear, two-dimensional flow of the form given by Eqn.
(1) can be related to the velocity-gradient tensor. In
particular, when the scattering vector ~q is oriented par-
allel to the x axis, i.e., φ = 0◦ [see Fig. 2], the homodyne
intensity auto-correlation function reduces to
F2(~q, t) = β exp
{
−1
2
q2γ˙2L2t2 cos2
(
θ
2
)}
, (2)
and when ~q is oriented along y axis, i.e., φ = 90◦, then
F2(~q, t) = β exp
{
−1
2
q2γ˙2λ2L2t2 cos2
(
θ
2
)}
, (3)
where β is a coherence factor for isotropic scatterers, and
the scattering angle θ and the flow-cell orientation angle
φ define the scattered beam relative to the coordinates
of the flow-cell, as shown in Fig. 2. Thus, it is clear from
Eqns. (2) and (3) that γ˙ and λ can be obtained from the
exponential decay rates of the intensity auto-correlation
functions independently measured at these two special
orientations of the two-roll mill.
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FIG. 3. Typical time-resolved intensity auto-correlation
functions for the Newtonian fluid in the startup of a steady
flow, measured at the stagnation-point of a two-roll mill with
λN = 0.1501, apparent scattering angle θ
′ = 22◦, roller ori-
entation φ = 0◦, angular velocity of the rollers ω = 1.885
rad/s. The correlator sample duration and the delay time are
Ts = 0.05 s and τ = 100µs, respectively.
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FIG. 4. Typical time-resolved intensity auto-correlation
functions for the polystyrene solution PS82 in the startup
of a steady flow with λN = 0.1501 at the angular velocity of
the rollers ω = 0.2513 rad/s (or the measured Weissenberg
number, WiR = γ˙λ
1/2τR = 0.384). In every Ts = 0.3 s, one
correlation function is registered at φ = 0◦, θ′ = 19◦. The
correlation delay time is τ = 250µs.
For the transient flow experiments, we use the data
analysis technique described in Ref. [10]. Here, we men-
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tion a few salient features related to these time-resolved
experiments. First, the correlation delay time τ should
be so chosen that each correlation function decays com-
pletely over the n = 72 channels of the correlator, i.e.,
F2(t = nτ)/F2(t = 0) ∼ 10−3. The predetermined total
transient evolution time, T , of the flow to be studied is di-
vided into N parts, and then N correlation functions are
collected in this period of time, each for an evolution time
of Ts = T/N (Fig. 3). The sampling time, Ts, over which
each correlation function is collected must exceed the de-
cay time, nτ , of the correlation function, for the correla-
tion function to be valid. The exponential decay rate of
each such valid correlation function can then provide the
velocity-gradient component at that particular instant of
the evolution time, te. Second, it is desirable that the
flow should not change substantially over the sampling
time-period, Ts, so that the correlation function can be
well approximated by a single exponential as in Eqns. (2)
or (3), depending on the orientation of the two-roll mill.
This resolution of time can be obtained via the choice of
N . Third, each experiment over the total evolution time,
T , consisting of N correlation functions (or N values of
velocity-gradient components) should be repeated several
times (typically, 200 times at high motor speeds to about
800 times at low motor speeds for the polymer samples)
to form a statistically reasonable correlation function for
each sampling time interval, Ts. The rest time of the mo-
tor in between two such consecutive repetition should be
long enough so that the polymers can relax to the equi-
librium state as in the beginning of the first experiment
of the set. Finally, it is always advisable to compare
the long-time limit (i.e., in the limit of evolution time
te → T ) of the transient flow-parameters with indepen-
dently performed steady-state measurements, where the
data are collected and averaged after the motor has run
for a time-period very much longer than T , to check if
the transient flow has actually reached the corresponding
steady-state in the total predetermined evolution time,
T .
To exemplify these features, we present the typical
three-dimensional plots of the time-resolved correlation
functions obtained for the start-up flow for a Newtonian
fluid (Fig. 3), as well as for a polymeric fluid, PS82 (Fig.
4), in the two-roll mill. The angular roller velocity and
the apparent scattering angles were ω = 1.885 rad/s,
θ′ = 22◦ and ω = 0.2513 rad/s, θ′ = 19◦, respectively for
the Newtonian sample and PS82. The apparent scatter-
ing angle θ′ is different from θ owing to the refraction by
the sample in the flow-cell. A more detailed discussion
of the results obtained from these figures will be done in
the next section. At this point it is sufficient to note that
these two three-dimensional plots clearly indicates the
distinctly different dynamical evolution of the flow-field
for the Newtonian and the polymeric fluid, as expected,
on the inception of flow. As shown in Fig. 4, in order to
obtain valid (exponential) time-resolved correlation func-
tions, for polymeric fluids used in our experiments, that
satisfy all the criteria mentioned above, we had chosen
the total evolution time, T ∼ 30 s (in similarity with
the total evolution time for the corresponding transient
birefringence experiments [11], as well as that used be-
fore for other polymeric fluids in our laboratory [15–17]),
the sampling time, Ts ∼ 0.3 s (and hence N ∼ 100),
the correlation delay time, τ = 250µs, and about 3 mins
of rest time of the motor between two consecutive tran-
sient runs. Thus, the total experimental time, inclusive
of the repetitions for statistical averaging, varied from
about 10 hrs. for experiments with low motor speeds
to about 50 hrs. for that with high motor speeds. It
was shown in Part I [12] that the long-time value of the
flow-parameters in our T = 30 s transient experiments
are within 10% − 15% of their value obtained from the
corresponding steady-state experiments performed inde-
pendently at the same motor speed, where the data col-
lection started only after the motor has run for ≥ 2 mins.
The results in Fig. 3 and 4 are obtained by averaging over
a set of 200 and 500 repetitions, respectively.
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FIG. 5. The magnitude of the time-dependent veloc-
ity-gradients γ˙ and γ˙λ deduced from the correlation functions
at φ = 0◦ (the correlation delay time τ = 100µs), and φ = 90◦
(τ = 400µs), respectively in startup of a steady flow for the
Newtonian sample corresponding the case shown in Fig. 2.
The inset shows the time-dependence of the corresponding
flow-type parameter λ obtained by point to point division of
γ˙λ by γ˙. The straight lines represent the creeping flow solu-
tions.
For the experiments with the Newtonian fluid in Fig.
3, the choice of the correlation delay time τ = 100µs
was made similarly to the case of polymeric fluids, i.e.,
by checking the correlation functions in the preliminary
experiments to decay by 3 to 4 orders of magnitudes over
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the fixed decay time of 72τ < Ts of our correlator at all
evolution time, te. This sets a lower limit on Ts which our
choice of Ts = 0.05 s does satisfy. The choice of N = 100
was made in similarity with Fig. 4 and hence the total
evolution time in this case is T = NTs = 5 s.
te (s)
0 5 10 15 20 25 30
 
o
r 
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 (  = 29o)PS82 (WiR = 0.384)
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FIG. 6. The magnitude of the time-dependent veloc-
ity-gradients γ˙ and γ˙λ extracted from the correlation func-
tions at φ = 0◦ (the correlation delay time τ = 250µs) and
φ = 90◦ (τ = 1000µs), respectively in startup of a steady flow
for the polystyrene sample PS82 corresponding to the case
shown in Fig. 3. Two sets of data, with the symbols explained
in the figure, represent the results from two identical set of
experiments at the apparent scattering angles of θ′ = 19◦ and
θ′ = 29◦. The inset shows the time-dependence of the corre-
sponding flow-type parameter λ, obtained by point to point
division of γ˙λ by γ˙, compared to the constant λN = 0.1501.
III. RESULTS
For a concentrated polymer solution, as we have men-
tioned before, because of the complicated interaction be-
tween the changes in the polymer configuration and its
impact on the flow-field and vice versa, it is very crucial
that both polymer conformation and flow kinematics be
measured. In this section, we will present experimen-
tal birefringence and dynamic light scattering results ob-
tained for the entangled polymeric solutions subjected
to time-dependent flows, in particular, to start-up flows
from rest for the two-roll mill configuration which cor-
responds to a Newtonian flow-type parameter, λN =
0.1501. The two-color flow birefringence results, namely,
birefringence, ∆n, and orientation angle, χ, versus evo-
lution time, te, will provide information about the dy-
namical evolution of the polymer conformation following
the onset of flow from rest. On the other hand, the flow-
parameters, namely, the velocity-gradient, γ˙ , and the
flow-type parameter, λ, plotted against evolution time,
obtained from DLS experiments, will depict correspond-
ing changes in the flow kinematics. In Part I [12], the
flow was shown to approximately retain its symmetry,
even for our polymer experiments, in the range of dimen-
sionless rates of flow-deformation (i.e., Weissenberg num-
bers) studied here. Thus, our DLS data analysis proce-
dure [10], which is rigorously valid for seeded Newtonian
fluids, can be applied for the transient flow experiments
with polymeric fluids, presented here.
A. Flow characterization and flow-modification
Our implementation of the two-color flow birefringence
technique was primarily developed to study the response
of polymeric fluid samples subjected to time-dependent
flows, because of its capability of fast, point-wise mea-
surements of the optical anisotropy of the fluid, with a
very good reproducibility. The dynamic light scatter-
ing technique, on the other hand, provides the capabil-
ity of real-time, point-wise measurements of the time-
dependent response of the flow-parameters to an imposed
flow-field. Before proceeding with the experiments on
polystyrene solutions, it is crucial that the Newtonian
flow-field at the stagnation-point (where the birefrin-
gence experiments are generally conducted) is known,
so that one can quantify the changes in the measured
flow-fields due to non-Newtonian behavior of the poly-
mers. It is necessary that the two-roll mill be capable of
creating well-defined flow-field with a Newtonian fluid.
For the transient start-up flow with a Newtonian fluid,
this would mean that the flow should instantaneously
attain its steady-state value, which can be calculated
using the theoretical creeping flow solution [16] (as dis-
cussed in Part I). The creeping flow solutions for the
flow-parameters are direct functions of the geometry of
the two-roll mill. In all our time-dependent flow experi-
ments reported in this paper, the maximum acceleration
possible with our motors (100,000 steps/s) was used to
ramp it up from rest. The typical picture of the evolution
of the time-resolved correlation functions at the onset of
flow in our flow characterization experiments with the
Newtonian fluid is shown in Fig. 3. The detailed na-
ture of the time-resolved correlation functions for both
parallel (φ = 0◦) and perpendicular (φ = 90◦) orienta-
tions of the two-roll mill are quite similar and hence we
showed only one of them, φ = 0◦, here. The velocity-
gradient components, γ˙ and γ˙λ , at each instant of evo-
lution time, te, is extracted from the decay rates of the
fitted exponential functions of Eqn. (2) and (3) to these
measured correlation functions. The value of the laser
beamwidth, L, used here is obtained from a calibration
procedure that is described in Part I. In order to ver-
ify that the experimentally obtained correlation functions
are very close to exponential in nature so that the above
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procedure is indeed justified, we required a correlation
coefficient R2 specifying the quality of fit exceeding 0.99.
The extracted velocity-gradient components from Fig. 3
are shown in Fig. 5. We see that except for the first
point at Ts = 0.05 s, both γ˙ and γ˙λ have reached their
steady-state value, which is maintained throughout the
experiment. In fact, from the second point onwards, all
data for these two parameters lie within 11% of the the-
oretical creeping flow solutions [12,16], γ˙N and γ˙NλN ,
shown by the straight lines. Also, it is clearly shown in
the inset that the time-evolution of the flow-type, λ, ob-
tained by dividing γ˙λ by γ˙ at each evolution time, is very
close to its theoretical value λN = 0.1501. The initial de-
lay in the onset of flow, as noted in the earlier work [10],
is due to the finite time-scale for vorticity diffusion in
the Newtonian fluid. Thus, we have clearly shown that
the two-roll mill is capable of creating a constant well-
characterized flow-field in the stagnation-point. Further,
the start-up is almost instantaneous and limited solely by
the ramp-up acceleration of the motor and the time-scale
associated with diffusion of vorticity in the fluid.
To see how γ˙ , γ˙λ and λ evolve with time in the case
of a non-Newtonian viscoelastic sample, let us consider
the representative case of the sample PS82 subjected to
the start-up of a flow shown in Fig. 4, and extract the
flow-parameters in an exactly similar fashion as discussed
above. Fig. 6 presents the result, deduced from Fig. 4,
where as shown by the solid and broken lines respectively,
following the start-up, both γ˙ and γ˙λ decrease in time to
reach a minimum and then again increase to reach their
approximate steady-state value (which is lower than the
initial value) at a longer evolution time. The inset shows
the time-dependence of λ as obtained by dividing γ˙λ by
γ˙ , point by point. Owing to a much higher viscosity
of polystyrene samples compared to the Newtonian fluid,
the vorticity diffusion time-scale in this case is compara-
tively much smaller and hence the initial value of γ˙ is very
close to the Newtonian-value. The initial value of the
second correlation function in Fig. 4 is different from the
rest, reflecting a different value of the coherence factor,
β, although its decay rate similar, thus yielding a similar
value of γ˙ . The presence of polymer is clearly making
an impact upon the flow-type parameter (and hence on
γ˙λ ) from the very beginning of the flow-evolution. The
parameter λ follows a complex time-evolution and shows
an oscillation around the corresponding Newtonian-value
of λN = 0.1501. Its value is lower than λN almost al-
ways, except when both γ˙ and γ˙λ show minimum be-
tween te = 7 s and te = 15 s. These curves, when
compared to the corresponding ones for the Newtonian
fluid (Fig. 5), provide a clear indication that the entan-
gled polystyrene samples very significantly modify the
otherwise Newtonian flow. In Fig. 6, we have also pro-
vided results obtained by repeating the same experiment
when the apparent scattering angle θ′ is changed from 19◦
to 29◦. The time-profile for each flow-parameter is very
well reproduced within an experimental error limit of 9%.
This provides a direct proof of the fact that the transient
flow conditions with these entangled samples are quite
repeatable and the data obtained in the light scattering
experiments for such flows are well reproducible inside
the range of apparent scattering angle (19◦ ≤ θ′ ≤ 29◦)
used in the present study.
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FIG. 7. Time-dependent birefringence on inception of a
two-roll mill flow (λN = 0.1501) for PS82 at several Weis-
senberg numbers, WiR = γ˙λ
1/2τR, based on the measured
steady-state values of γ˙ and λ, and the Rouse time, τR.
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FIG. 8. Same as Fig. 7, but at higher Weissenberg num-
bers, WiR = γ˙λ
1/2τR.
In prior work from this laboratory [8,11], the non-
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dimensionalized measure used to identify transient flow
experiments was the Weissenberg number of the flow,
(WiR)N = γ˙N
√
λNτR, based on the Newtonian-values
of the velocity-gradient, γ˙N , and the flow-type param-
eter, λN . This was done because of the unambiguous
relationship between γ˙N and the roller speed ω given by
the creeping flow solution [16]. In reality, however, the
Weissenberg number,WiR = γ˙
√
λτR , based on the mea-
sured values of γ˙ and λ, is expected to be different for
different polymeric fluids even if the imposed roller speed
is the same. The velocity-gradient parameters measured
in the independently performed steady-state experiments
(as discussed before) are used to calculate the actual
Weissenberg number, WiR, which are in turn used to
identify our transient experiments. Table II lists the
Newtonian and the measured values of the Weissenberg
numbers used in our study for three polystyrene sam-
ples. The decreased value of the measured WiR com-
pared to its Newtonian-value, (WiR)N , is obviously a
direct consequence of the flow-modification. The per-
centage difference of WiR relative to (WiR)N , also given
in Table II, shows that the flow-modification is very sub-
stantial in all the cases studied. There is a decreasing
trend with the increase in the rate of deformation for
the two polystyrene fluids with the similar number of
entanglements, PS81 and PS2, and an increasing trend
with PS82. We note that the range of Weissenberg num-
bers chosen for each of the three polystyrene samples
are very different when compared to each other. This is
so because, firstly, the choice of roller speeds (in rad/s)
achievable in our two-roll mill set-up is restricted with
the choice of motor (i.e., the motor speeds available in
steps/s) and the worm-gear assembly attached between
the motor and the two-roll mill. Secondly, based on our
preliminary calculations of the number of entanglements
per chain, Ne, for three samples, we did not expect the
longest Rouse relaxation time, τR, would be so different
for the sample PS2 (see, Table I) compared to the other
two. The linear viscoelastic experiments [12] to extract
τR of these fluids were performed only after the TCFB
experiments. Finally, the flow-modification was much
stronger than we expected. This, as can be seen from
Table II, has further reduced the values of the measured
Weissenberg numbers. Thus, even though our initial mo-
tor speeds (in steps/s) were very similar for all samples,
the final measured Weissenberg numbers are very differ-
ent. We also note that the strain-rate γ˙
√
λ (used in cal-
culating WiR = γ˙
√
λτR ) provides a measure of the rate
of stretch of material points along the direction of the
outflow axis of the flow of Eqn. (1) [see, Fig. 1] from the
stagnation-point. This means that the WiR used here or
the (WiR)N used in earlier reports [8,11], provides the
steady-state value of the deformation rate which can be
achieved in transient experiments only in the long-time
limit, when the polymer chain is finally oriented along the
principal eigenvector direction. At earlier times, when
the flow is evolving with time, the appropriate measure
of the non-dimensionalized rate of deformation should be
the transient Weissenberg number, WitrR = γ˙(1 + λ)τR,
based on the transient strain-rate γ˙(1+λ), instead of its
steady-state value, γ˙
√
λ .
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FIG. 9. Flow-induced extinction angle, χ versus evolution
time te for PS82 at different values of measured Weissenberg
numbers.
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FIG. 10. Same as Fig. 9, but at higher measured Weis-
senberg numbers, WiR = γ˙λ
1/2τR.
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B. Dynamic evolution of birefringence and flow
As noted earlier, both the birefringence and the compo-
nents of the velocity-gradients were measured in a region
surrounding the stagnation-point of the flow-cell mid-
way between the two rollers, where polymer chains can
highly stretch and align. Also, because of the substan-
tial residence time in this region, the polymer will reach
a configuration consistent with the corresponding homo-
geneous flow. The complicated dynamics of the evolu-
tion of polymer configuration and flow-field, and their
tight coupling require that we show simultaneously the
measured birefringence, orientation angle and the corre-
sponding flow-parameters plotted against evolution time,
te, for the three entangled polystyrene fluids, at several
different Weissenberg numbers.
We will first look into the features of the birefringence
and flow data in general terms for each polystyrene flu-
ids. A more detailed discussion and a comparison of re-
sults amongst the samples will be done in a later sec-
tion. Let us first consider the case of PS82, the so-
lution with about 7 entanglements per chain (see, Ta-
ble I). Figs. 7 and 8 show the temporal-evolution of
birefringence on inception of flow to a total of ten mea-
sured Weissenberg numbers spaning a range from 0.078
to 0.843 [0.099 ≤ (WiR)N ≤ 1.782]. The intrinsic diffi-
culty associated with our transient birefringence experi-
ment, namely, the appearance of multiple orders in the
retardance, makes interpretation of results at high de-
formation rates extremely difficult and thus limits the
highest value of the Weissenberg number for which the
experiment could be performed. At the smallest WiR,
the birefringence increases almost monotonically until a
steady-value is reached. At higher values of WiR, the
temporal-evolution of birefringence displays a series of
undulations. Before reaching the long-time value, the
birefringence trace goes through a notch atWiR = 0.144.
At higher WiR, this notch gives rise to a very distinct
peak (or overshoot), which progressively appears at ear-
lier times with increased magnitude and intensity asWiR
is increased. We note that the peak-time, tp, of the first
overshoot of birefringence in PS82 have reduced from
tp ≈ 10 s at WiR = 0.199 to tp ≈ 3.55 s at WiR = 0.843.
Also, the long-time value of the birefringence monoton-
ically increases with the increase in the rates of flow-
deformation. These typical features are in agreement the
observations in earlier studies with concentrated poly-
meric fluids for the inception of both shear flows [7,8]
and extension-dominated flows [18] at large enough rates
of deformation. At still higher WiR, this overshoot is
followed by a very distinct trough (or undershoot) and
then a second overshoot, each of which appear at an ear-
lier time and become more distinct with increasingWiR.
These features too are consistent with the prior observa-
tion by Geffroy et al. [18], but compared to their results
the dynamical evolution of the birefringence in this case
has quite a few dissimilarities: the magnitude of the sec-
ond overshoot and the long-time value of birefringence
here is significantly higher than the magnitude of the
first overshoot.
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FIG. 11. Plot of the velocity-gradient component, γ˙ (de-
duced from the correlation functions at the two-roll mill ori-
entation of φ = 0◦), as a function of evolution time, te, for
start-up experiments with the sample PS82 at different mea-
sured steady-state WiR.
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FIG. 12. Same as Fig. 11, but at higher measured Weis-
senberg numbers, WiR = γ˙λ
1/2τR.
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FIG. 13. Time-dependent velocity-gradient component,
γ˙λ, for PS82, extracted from correlation functions in start-up
of steady flows at the two-roll mill orientation of φ = 90◦, and
at different measured Weissenberg numbers.
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FIG. 14. Same as Fig. 13, but at higher values of the mea-
sured Weissenberg numbers.
The corresponding orientation angle data are shown in
Figs. 9 and 10. For all cases, we should expect that the
orientation angle, χ, should initially have a value of 45◦,
i.e., it should coincide with the principal axis of the rate
of strain tensor [Fig. 1]. In our experiments, the orien-
tation angle at the onset of the flow is dominated by the
residual anisotropy of the glass in the flow-cell window.
The orientation angle reaches a maximum value in time
as the anisotropic contribution of the polymer becomes
dominant. Keeping with the earlier studies for start-up
of both shear [7,8] and extension-dominated flows [18], at
low Weissenberg numbers, the orientation angle almost
monotonically decreases to its long-time value, but at
high enough WiR, it shows an undershoot just after the
first overshoot in birefringence takes place. At large val-
ues of WiR, we may expect that the polymer molecules
will become oriented close to the outflow axis of the flow-
field. For a Newtonian fluid, the corresponding asymp-
totic value of χ is χ(WiR →∞) = χ∞ = tan−1(
√
λN ) =
21.2◦. For the polymeric fluids, we may still try to find
the values of χ∞ with the use of the above relation with
λN replaced by the asymptotic value, λ∞, of the mea-
sured flow-type parameter, so that the flow-modification
is taken into account. This could be done since, as shown
in Part I, the flow approximately retains its symmetry
in our experiments with entangled fluids. As expected,
χ∞ in Figs. 9 and 10 decreases faster with the increase
in Weissenberg number at smaller Weissenberg numbers,
but this decrease almost saturate at higher Weissenberg
numbers. At the highest WiR, χ∞ ∼ 14.8◦. The orien-
tation angle curves at intermediate values of WiR also
show some undulations before reaching the final asymp-
totic values, which are well-correlated in time to the first
undershoot and the second overshoot in the correspond-
ing birefringence traces.
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FIG. 15. Inception of the flow-type parameter, λ, for PS82,
deduced from the ratio of the square root of the exponential
decay rates of two corresponding correlation functions at dif-
ferent Weissenberg numbers, WiR = γ˙λ
1/2τR (based on the
measured steady-state values of γ˙ and λ).
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FIG. 16. Same as Fig. 15, but at higher values of the mea-
sured Weissenberg numbers.
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FIG. 17. Inception of birefringence as a function of evo-
lution time, te, for sample PS81 at different measured
steady-state Weissenberg numbers, WiR = γ˙λ
1/2τR.
In Figs. 11, 12 and Figs. 13, 14, respectively, we show
the measured γ˙ and γ˙λ versus the evolution time te for
PS82 at the Weissenberg numbers for which we have
shown the birefringence results above. From these fig-
ures, we extract the dynamical evolution curves for the
flow-type parameter, λ, as shown in Figs. 15 and 16. At
the lowestWiR, γ˙ does not show any appreciable change
from its Newtonian-value over the entire evolution time,
but with the increase of WiR, there is a strong devia-
tion in time from the Newtonian flow. The curves for
γ˙ “start” from the Newtonian-value (which are higher
at higher WiR, as expected), pass through a minimum
(or undershoot) and then again increase to the respec-
tive long-time values, which are lower than the initial
Newtonian-values at the sameWiR. The minimum of the
undershoot oscillates around te ∼ 14 s for WiR ≤ 0.319,
but beyond that, it progressively appears at earlier time
until WiR = 0.636. At this deformation rate and above,
the minimum of the undershoot in γ˙ appears at te ∼ 8 s.
The strength of the undershoot, as well as the asymptotic
value of γ˙ increases with the Weissenberg number. At the
two lowestWiR, γ˙λ (Fig. 13 and 14) and hence λ (Fig. 15
and 16) show very little variation in their values following
the onset of the flow, but surprisingly, these values are
higher than that expected with a Newtonian fluid. As
we will show and discuss about it in the following, this
behavior takes place repeatably at low Weissenberg num-
ber flows for all three entangled solutions studied. For
the velocity-gradient component, γ˙λ , too the intensity
of the undershoot increases with increasing rate of defor-
mation and also it progressively appears at earlier times.
We have noted that the initial magnitude of the velocity-
gradient component γ˙ is always very close but slightly
less than the Newtonian value, γ˙N . In contrast, the ini-
tial value of γ˙λ for higher rates of deformation is such
that the initial value for λ oscillates around the λN and
then reduces substantially from the same at the highest
Weissenberg numbers. At low rates of flow-deformation,
the flow-type parameter shows an undershoot at te ∼ 5 s
before reaching the long-time value by te ∼ 15 s, but at
high rates, apart from the presence of this undershoot,
an overshoot shows up at te ∼ 10 s before the flow-type
parameter reaches the asymptotic limit by te ∼ 25 s.
There is a transition between these two types of behav-
iors at WiR = 0.319, where the extremum of both the
undershoot and the following overshoot are shifted to the
later times. The asymptotic value, λ∞, of the flow-type
parameter also shows a difference in behavior below and
above this WiR. In particular, λ∞ decreases as WiR is
increased tillWiR = 0.319, but for higher values ofWiR,
it remains almost constant, λ∞ ∼ 0.1.
In Figs. 17, 18 and Figs. 19, 20, we show the temporal-
evolution of the birefringence and orientation angle, re-
spectively, for the start-up of the two-roll mill flow to sev-
eral different Weissenberg numbers with the polystyrene
fluid PS81, which has approximately 13 entanglements
per chain. At low Weissenberg numbers, similar to the
results shown above for sample PS82, both birefringence
and orientation angle (after overcoming the residual glass
anisotropy) show smooth transitions towards their long-
time values. On the other hand, at high rates of defor-
mation, the time-dependent configurational dynamics for
PS81 is very much different compared to that of PS82,
as apparent from these figures. The overshoot and the
following undershoot in the birefringence curves become
considerably sharper with the increase of WiR and a
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second overshoot in the birefringence is clearly apparent
only at the highest WiR. With the increase of WiR, the
polymer response time reduces (as can be seen from the
shift of the temporal positions of these overshoots and un-
dershoots toward shorter times) and the asymptotic bire-
fringence monotonically decreases. Despite these simi-
larities, in sharp contrast to the observations made with
PS82, the long-time value of the transient birefringence
in PS81 is always lower than the maximum in the first
overshoot. Also, at high values of WiR, the orienta-
tion angle shows a distinct undershoot, followed by an
overshoot and a second undershoot, which too become
more intense with increasing WiR. There is a strong
correlation in their temporal positions with that of the
overshoot, undershoot and a second overshoot found in
the birefringence data at the same WiR. Interestingly,
the second undershoot in the orientation angle is clearly
visible at a lower WiR before the second overshoot ap-
pears in the corresponding birefringence. At the highest
WiR, the data for χ versus te shows some ringing before
reaching its long-time value, χ∞. In similarity with the
sample PS82, here too the conformational dynamics ap-
pear different below and above a transition Weissenberg
number (WiR = 0.103, for PS81). At WiR > 0.103, the
extremum in the undulations in both birefringence and
orientation angle move faster to earlier times, and χ∞
approaches faster to χ∞ ∼ 21◦ at the highest WiR.
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FIG. 18. Same as Fig. 17, but at higher Weissenberg num-
bers.
The dynamic evolution of the velocity-gradient compo-
nents, γ˙ and γ˙λ for the sample PS81 at the Weissenberg
numbers corresponding to Figs. 17 to 20 are shown in
Figs. 21 to 24, respectively. The flow-type parameter
versus the evolution time, te, at the same values of WiR,
extracted from these two results are depicted in Figs. 25
and 26. At the lowest rates of deformation, both mea-
sured components of the velocity-gradient, γ˙ (Fig. 21)
and γ˙λ (Fig. 23), (and hence λ in Fig. 25) remain al-
most constant over the entire evolution time of T = 30 s,
although there is a tendency of a slight undershoot at
te ∼ 4 s in γ˙λ curves. The impact of the changes in poly-
mer configuration at these different Weissenberg numbers
is more apparent on γ˙λ and hence on λ, compared to the
corresponding γ˙ . This is clearly seen from these figures
where γ˙ approximately retains the Newtonian value, γ˙N
, in time, but γ˙λ and λ are higher than γ˙NλN and λN
, respectively. At higher WiR, both γ˙ and γ˙λ show an
undershoot behavior at te ∼ 4 s before reaching their
corresponding long-time values by te ∼ 15 s, except for
the case of the highest deformation rate, WiR = 0.699,
where γ˙ continues to increase (Fig. 22) and the curve for
γ˙λ has a higher asymptotic value than the rest of the
curves in Fig. 24. The initial value of the flow-type pa-
rameter reduces from about 0.4 (Fig. 25) to about 0.1
(Fig. 26) with the increase of WiR, primarily because
of the corresponding changes seen in the initial value
of γ˙λ. In contrast, we have noted that for both PS82
and PS81, γ˙ always “begins” with a value very close to
the Newtonian-value, γ˙N . As seen for γ˙ and γ˙λ versus
te curves, the flow-type parameter for PS81 too under-
shoots at te ∼ 4 s. In similarity with the observations
made for PS82, the asymptotic value of λ at the high-
est Weissenberg number reduces to λ∞ ∼ 0.1, and there
is a a clear-cut difference in the temporal behavior of
the flow-parameters below and above a transition rate
of flow-deformation, WiR = 0.103. Compared to PS82,
the overall variation of magnitude of the flow-parameters
over the total evolution time is less pronounced for PS81.
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FIG. 19. Time-dependent orientation angle on inception
of a two-roll mill flow for PS81 at several different values of
measured steady-state WiR.
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FIG. 20. Similar to Fig. 19, but at higher measured rates
of flow-deformation, WiR = γ˙λ
1/2τR.
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FIG. 21. Flow-induced changes in the evolution of veloc-
ity-gradient component, γ˙, obtained from the exponential de-
cay rate of the correlation functions at φ = 0◦ in start-up flow
for PS81 and different measured steady-state Weissenberg
numbers.
In general terms, the results for the solution PS2 (hav-
ing about 13 entanglements per chain) shown in Figs. 27
to 30, is very similar to PS81 (also having Ne ∼ 13). In
particular, the feature of the monotonic increase of bire-
fringence to its asymptotic value at lowest WiR changes
to that of the appearance of an overshoot, followed by
an undershoot and another overshoot with the increased
rate of deformation. In similarity with our observations
on the other two samples, here too all these undulations
seem to appear earlier in time and their amplitudes in-
crease withWiR. In contrast to PS82 and PS81, at high-
est rates of deformation, the asymptotic birefringence for
PS2 in Fig. 28 is similar to the value at the first overshoot.
In this case too, there is a critical Weissenberg number,
WiR = 0.075, below which the evolution in both ∆n
and χ is monotonic but above this number, they show
undulations which become stronger as the Weissenberg
number is augmented. Each undershoot (or overshoot)
in the orientation angle curve is strongly correlated and a
little shifted in time compared to the corresponding over-
shoot (or undershoot) in the birefringence curve. With
the increase of WiR, here too the asymptotic birefrin-
gence gradually increase and the asymptotic orientation
angle, χ∞, gradually decrease. At the highest WiR,
χ∞ ∼ 18.5◦, in Fig. 30. The prime difference in this
case, compared to PS81, is that the magnitude of bire-
fringence at the second overshoot is similar to the first
overshoot and the asymptotic value.
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FIG. 22. Similar to Fig. 21, but for higher values of WiR.
As shown in Figs. 31 to 36, the characteristic evolu-
tion of the measured flow-parameters for PS2 is, again,
extremely similar to that for PS81 (which has similar
Ne ∼ 13), but is very different from that seen in PS82
(Ne ∼ 7). Here too γ˙λ and hence λ seems to be much
more sensitive than γ˙ to the changes in the polymer con-
figuration in that their initial values are always different
than that expected with a Newtonian fluid, which is not
the case with γ˙ . Similar to PS81, the polymer-induced
variation in the magnitude of flow-parameters for PS2
over the entire period of evolution time is not as pro-
nounced as seen for PS82. The small undershoots at
te ∼ 4 s present in γ˙λ versus te curves at all Weissenberg
13
numbers and also in γ˙ versus te curves at intermediate
and high WiR almost cancel each other in λ versus te
results, which are derived from the division of these two
data sets. If at all, there is a little overshoot present in λ
versus te curves at the similar evolution time te ∼ 4 s for
0.151 ≤WiR ≤ 0.236. The asymptotic limit of the flow-
parameters are reached much earlier than te ∼ 15 s. Since
the overall variation of the flow-parameters over the en-
tire evolution time is not too pronounced for PS2 for any
Weissenberg number, the changes in their transient evo-
lution below and above the transition Weissenberg num-
ber, WiR = 0.075, is not too appreciably noticed here,
except for the case of flow-type parameters in Figs. 35
and 36.
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FIG. 23. Transient velocity-gradient component, γ˙λ, for
PS81, versus evolution time, te, for inception of a two-roll
mill flow at several measured steady-state WiR = γ˙λ
1/2τR.
IV. DISCUSSION OF RESULTS
Turning back to the results for the three entangled
samples, the prime important feature to note is that the
dynamical response of the polymer systems, PS81 and
PS2, with a similar number of entanglements per chain
appears to be very much similar, even though they have
quite different concentrations, c, and molecular weights,
Mw (see, Table I). On the other hand, the dynamics is
very different from these two for the sample PS82, which
has a different number entanglements per chain. This
should be expected, based upon the scaling ideas associ-
ated with reptation modelling, provided we stay away
from chain-stretching. In the limit of high WiR, the
DEMG version [3,4] of the reptation model, used in Part
I, predicts a saturation of the dimensionless steady-state
birefringence of ∼ nt/Ne corresponding to a maximum
chain-extension ratio of ∼
√
nt/Ne. As in Part I, we first
non-dimensionalize the asymptotic values of the birefrin-
gence shown in Figs. 8, 18, and 28 at the highest WiR
by scaling them with the birefringence CG0N (obtained
by using the stress-optical law) that would be present at
a stress level equal to the plateau modulus, G0N . The
values used for the stress-optical coefficient, C, and the
plateau modulus are same as in Part I [12]. Comparing
these values to the DEMG predictions given above, we
see that the experimentally observed maximum asymp-
totic chain-extension for these samples are ∼ 44.04% for
PS82, ∼ 6.63% for PS81, and ∼ 11.04% for PS2. This
is a clear indication of the fact that we are quite away
from the chain-stretching behavior. The impact of the
changes in the polymer conformational dynamics, as de-
picted by the time-evolution of the measured components
of velocity-gradients, γ˙, and γ˙λ , and hence the flow-type
parameter, λ, too is also extremely similar for PS81 and
PS2, and this dynamical behavior is very different from
that seen in the case of PS82.
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FIG. 24. Same as in Fig. 23, but at higher WiR.
As we have mentioned before, the occurrence of an
overshoot in the birefringence and an associated under-
shoot in the orientation angle at a slightly shifted time,
have been observed earlier for the start-up of a simple
shear flow (λ = 0) [7,8], as well as for the start-up flow
with a little more extensional character (λ = 0.019) in
a two-roll mill [18]. For simple shear flows, the onset of
the overshoot in the first normal stress difference (bire-
fringence) occurs at γ˙NτR ∼ 0.4 − 0.7 [4,19]. The onset
of the birefringence overshoot in our experiments occur
at the measured Weissenberg numbers that are very dif-
ferent from sample to sample, namely, at WiR ∼ 0.144
for PS82, WiR ∼ 0.017 for PS81, and at WiR ∼ 0.027
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for PS2. These numbers correspond to γ˙NτR ∼ 0.5 for
the less entangled sample, PS82, and γ˙NτR ∼ 0.3 for the
other two more entangled samples, PS81 and PS2, which
are in the same ballpark with the earlier results [4,18,19].
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FIG. 25. Time-dependence of the flow-type parameter, λ,
obtained via point-by-point division of the corresponding data
for γ˙λ by γ˙ for PS81 at different measured steady values of
WiR.
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FIG. 26. Similar to Fig. 25, but at higher measured rates
of deformation, WiR = γ˙λ
1/2τR.
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FIG. 27. Birefringence for PS2 solution in start-up flows
at different measured dimensionless rates of flow-deformation,
WiR = γ˙λ
1/2τR.
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FIG. 28. Same as Fig. 27, but at higher measured
WiR = γ˙λ
1/2τR.
Here, too the number of entanglements per chain seem
to have an important role to play. We note that the bire-
fringence overshoot for the inception of a simple shear
flow have also been predicted using the Doi-Edwards rep-
tation model with chain-stretching [4], although the un-
dershoot in the orientation angle was not predicted. In
this work, as well as in prior work [7,8,11,18] on poly-
mers, the undershoot behavior in the orientation angle
seem to be very much correlated in time with the over-
shoot behavior in the birefringence. According to the
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model, the transient nature of chain-stretching in a sim-
ple shear is responsible for the overshoots. On the basis of
the DEMG model [3,4], it was speculated in earlier work
[8,11] from our laboratory that “tube-dilation” may be
responsible for such an effect. In simple terms, this means
that a flow-deformation induced decrease in the number
of entanglements per chain (and hence the dilation in
the tube-radius) takes place on a slower time-scale than
over which the polymer orients. This faster orientation
would allow polymer to over-orient (and thereby show an
undershoot in the transient orientation angle) and then
relax to its asymptotic value as Ne is decreased. From
Figs. 16, 26 and 36, at the highest Weissenberg numbers,
we get λ∞ ∼ 0.10 for PS82 and PS81, and λ∞ ∼ 0.11
for PS2. These estimate χ∞ ∼ 17.5◦ for PS82 and PS81,
and χ∞ ∼ 18.3◦ for PS2, but the experimental results at
the highestWiR, as can be seen in Figs. 10, 20 and 30 are
χ∞ ∼ 14.8◦ (PS82), χ∞ ∼ 21◦ (PS81), and χ∞ ∼ 18.5◦
(PS2), respectively.
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FIG. 29. Plot of the dynamic evolution of orientation angle
on inception of steady-flows for PS2 at several steady-state
values of measured WiR.
The velocity-gradient components measured via dy-
namic light scattering experiments show that there is a
significant amount of flow-modification by the polymers
relative to the otherwise Newtonian-value. The flow-
modification appears to be very strong for all polystyrene
samples (see, Table II), but the evolution of the flow-
parameters over the total duration T of our transient
experiments show most dramatic changes for the sample
with the lowest entanglements per chain. In compari-
son, this effect is rather weak for PS81 and PS2, both
with Ne ∼ 13. We have noted that the velocity-gradient
component, γ˙λ , for the perpendicular orientation of the
two-roll mill and hence the flow-type parameter, λ, is
much more sensitive to the polymer induced changes in
the flow than the other velocity-gradient component, γ˙.
At the lowest WiR, the values of the flow-type parame-
ters for all three samples, deduced from the correspond-
ing γ˙λ and γ˙ measurements, are consistently higher than
that expected for a Newtonian fluid. This finding is
also consistent with that in our steady-state experiments
[12] on the same polymeric fluids. We note that an in-
crease in the value of flow-type parameter in the vicinity
of the stagnation-point of the two-roll mill, relative to
the Newtonian-value at small WiR was not observed by
Wang et al. [10] because we explored the range of mea-
suredWiR much lower than their study. This is the only
earlier experiment, that we are aware of, which has per-
formed simultaneous TCFB and DLS measurements on
entangled polymers subjected to inception of two-roll mill
flows. On the other hand, recent numerical simulations,
using a vector approximation [6] of the DEMG reptation
model, by Remmelgas et al. [20] indeed predicted the
same result for entangled polymeric fluids in the same
configuration (λN = 0.1501) of the two-roll mill. Ongo-
ing experiments and theoretical work in our laboratory
are intended to look into this important issue.
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FIG. 30. Same as Fig. 29, but at higher WiR = γ˙λ
1/2τR.
For all cases studied here, as the flow evolve to high
WiR, the measured values of both the velocity-gradient,
γ˙ , and the flow-type parameter, λ, and hence the strain-
rate, γ˙
√
λ , have reduced relative to the velocity-field
for a Newtonian fluid. The reduction of the extensional
strength of the flow as well as the strain-rate in the neigh-
borhood of the stagnation-point was observed for dilute
polymers [17,21] too for which it has been shown theo-
retically [17,22], using nonlinear dumbbell models [26], to
be related to the strain-rate hardening [23] of the exten-
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sional viscosity of these fluids. Obviously, a completely
different methodology has to be responsible for the en-
tangled polymeric fluids, since they show a strain-rate
softening of the extensional viscosity. The recent work
of Remmelgas et al. [20] have, in fact, predicted the de-
crease in the rate of strain for entangled polymeric fluids
at the stagnation-point, in similarity with our experi-
ments. This decrease was shown to result from the effect
of shear thinning viscosity in the flow close to the rollers
making the momentum transfer to the region between
the rollers less efficient.
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FIG. 31. Transient γ˙ versus te in start-up of steady-flows
for PS2 at different measured WiR.
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FIG. 32. Same as Fig. 31, but at higher measured values
WiR = γ˙λ
1/2τR.
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FIG. 33. Transient velocity-gradient component, γ˙λ, ver-
sus te for PS2 with the two-roll mill orientation φ = 90
◦, and
at different WiR.
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FIG. 34. Same as Fig. 32, but at higher measured values
of Weissenberg numbers.
A. Comparison of dynamics at similar WiR
We will now compare the results for the three entan-
gled solutions at the similar values of the measured Weis-
senberg numbers, namely,WiR = 0.284, 0.266, and 0.263
for PS82, PS81 and PS2, respectively. Fig. 37 shows the
birefringence traces versus te, where the birefringence for
each sample is normalized by the asymptotic value, for
the purpose of comparison. The corresponding curves for
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the evolution of the orientation angle, χ, and the flow-
parameters, γ˙ , γ˙λ and λ are shown in Figs. 38 to 41.
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FIG. 35. Flow-induced changes in flow-type parame-
ter, λ, versus te for PS2 at different measured rates of
flow-deformations, WiR = γ˙λ
1/2τR.
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FIG. 36. Same as Fig. 35, but at higher measured WiR.
One of the prime important results of this study, that
the evolution dynamics of the polymer microstructure as
well as its impact on the flow-field is very much depen-
dent on the number of entanglements per chain for the
polymers irrespective of the values of Mw and c, become
very clear from the comparisons of these figures. In par-
ticular, the normalized birefringence in Fig. 37 shows an
overshoot, followed by an undershoot and a second over-
shoot at exactly similar times for both PS81 and PS2;
even the magnitude of these undulations are very simi-
lar when normalized with the asymptotic value, and the
first overshoot is higher than the asymptotic value. In
contrast, the normalized birefringence for PS82 does not
show a clear second overshoot at similar rates of flow-
deformation; the times at which the overshoot and the
following undershoot appear for the birefringence of PS82
are, again, very different from that seen with the other
two samples, and also, the asymptotic value in this case
is much higher than the overshoot. Similarly, the ori-
entation angles (Fig. 38) for PS81 and PS2 shows an
undershoot behavior, followed by an overshoot and a
second undershoot (deeper than the first one), each of
which appear at a slightly later time than the correspond-
ing undulations seen in the birefringence curves. These
strong correlation in their appearance directly indicates
that same microscopic dynamics must be responsible for
both of these observations. Thus, the orientation angle
traces are very similar for these two samples having simi-
lar Ne but is very different for PS2, where after overcom-
ing the residual glass-birefringence, it almost monotoni-
cally decreases to the asymptotic value without showing
any undershoot behavior. The similarity in the shape of
the curves for the measured flow-parameters versus evo-
lution time too are very surprising. We note that the
undershoot in flow-parameters (at te ∼ 4 s for PS81 and
PS2, and at te ∼ 12 s for PS82) is very directly corre-
lated with the first overshoot in the birefringence or the
first undershoot in the orientation angle (appearing at
te ∼ 2 s for PS81 and PS2, and at te ∼ 9 s for PS82).
The intensity of these undulations in the flow-parameters
are also strongly correlated with the intensity of the cor-
responding undulations in the birefringence and orienta-
tion angle. Also, the oscillations are always found to be
weaker in the case of PS82. These results, again, very
clearly emphasize that the coupled dynamics of the flow
and the polymer configuration are invariant to changes
in the concentration and/or molecular weight, provided
that the same value of the number of entanglements per
chain is maintained.
At these rates of deformation, by comparing the mea-
sured and the Newtonian-values of the Weissenberg num-
bers from Table II for the three polymeric fluids, we note
that the flow-induced reduction in Weissenberg number
or the strain-rate is similar for PS82 and PS2. Thus, we
may expect similar values of the asymptotic orientation
angle and the asymptotic stretch of these two polymers.
In Fig. 38, we indeed see a similar long-time value of the
orientation angle for these two samples. As noted earlier,
the DEMG reptation model predicts that at very high
Weissenberg numbers, the polymer chains are extended
to the maximum chain-extension ratio of
√
nt/Ne, and
the corresponding steady-state value of dimensionless
birefringence is ∼ nt/Ne. By comparing the asymptotic
value of the dimensionless birefringence, ∆n/CG0N , for
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PS82 (Fig. 7), PS81 (Fig. 18), and PS2 (Fig. 28) with the
aforesaid steady-state value, we see that compared to the
fully extended state, at these similar Weissenberg num-
bers, the polymer chains are stretched to about 10.39%,
5.62%, and 11.04% for PS82, PS81 and PS2, respec-
tively. The similar extensibility witnessed for PS82 and
PS2 is consistent with the similar flow-induced reduction
of the measured Weissenberg number compared to the
Newtonian-value for these two solutions. Between the
fluids with the similar high molecular weight polystyrene,
PS82 and PS81 (refer Table I), the dilute (and hence
the less entangled) solution, PS82, has higher molecu-
lar weight of the chain-segments between entanglements
and hence an increased intrinsic extensibility in this case
could be expected. This might be an added reason, other
than the polymer-modified flow as discussed above, for
PS82 showing a higher fractional chain-extension com-
pare to PS81 at the similar WiR. We note that since
the curves for λ versus te (Fig. 41) are approximately
close to each other for the three polystyrene fluids, in
order to keep the measured Weissenberg number similar,
the velocity-gradient curve, γ˙ versus te, in Fig. 39 (and
hence γ˙λ versus te in Fig. 40) is higher for PS2 than that
for the other two samples in the same ratio as the longest
Rouse relaxation time, τR, for PS2 is lower than τR for
PS81 and PS82.
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FIG. 37. Plot of the time-evolution of birefringence, ∆n,
normalized with the corresponding asymptotic values, for all
three polystyrene samples on inception of steady-flows at sim-
ilar measured steady-state WiR.
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FIG. 38. Same as Fig. 37, but for the orientation angle, χ.
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FIG. 39. Transient evolution of the velocity-gradient, γ˙, for
all three polystyrene samples at similar measured WiR.
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FIG. 40. Same as Fig. 39, but for a different veloc-
ity-gradient component, γ˙λ.
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FIG. 41. Dynamic evolution of the flow-type parameter, λ,
on inception of steady-flows for all three polymeric fluids at
similar measured WiR.
B. Characteristic strains for inception of flow
Following the lead of the work by Geffroy et al. [18],
we have measured the total strain at the peak of the bire-
fringence overshoot for the three entangled polystyrene
solutions at several different rates of deformation. The
characteristic strain at the peak of the stress (or birefrin-
gence) overshoot was found to be an useful parameter
to determine the transition from linear to non-linear vis-
coelastic behavior of polymers [4,18,19,24]. It was shown
in the past that the strain to reach the birefringence
overshoot are nearly constant at low rates of deforma-
tion, but it increases by several orders of magnitude at
high rates for both simple shear flow [25] and extension-
dominated flows [18,24], signifying a transition from lin-
ear to non-linear viscoelastic behavior. For the simple
shear flow, this constant was proposed [19] to be about
unity, independent of the polymer molecular weight and
this was experimentally verified [19,25] too. For exten-
sional flows, on the other hand, this onset strain was
found [18,24] to be ∼ 0.7. It was proposed [19] that ir-
respective of the polymer type and/or molecular weight,
the onset of the non-linear viscoelastic behavior should
begin near γ˙NτR ∼ 1, which, in this particular geome-
try of the two-roll mill (λN = 0.1501), turns out to be
(WiR)N = γ˙N
√
λNτR ∼ 0.4, where (WiR)N is the Weis-
senberg number based on the Newtonian values of the
velocity-gradient component, γ˙N , the flow-type param-
eter, λN , and the longest Rouse relaxation time, τR.
In previous work with extension-dominated flows [18,24],
the stain at the overshoot was calculated as the time to
reach the overshoot times the Newtonian strain-rate, that
is γ˙N
√
λN tp.
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FIG. 42. Strain at the overshoot of birefringence against
the (WiR)N = γ˙Nλ
1/2
N τR for all three polystyrene samples.
In Fig. 42, we have presented our results for the New-
tonian as well as the measured value of the peak-strain at
the overshoot for the three entangled polystyrene fluids
as a function of (WiR)N , in order to simplify the com-
parisons with the earlier results. In similarity with the
earlier observations [18,24], at the lowest rate of flow-
deformation, the Newtonian-strain at the birefringence
overshoot is γ˙N
√
λN tp ∼ 0.7, and its value increases with
the deformation rate. Interestingly, this increase with
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the rate of deformation is similar for samples PS82 and
PS2, both having Ne ∼ 13. At (WiR)N ∼ 0.4, a modest
change in slope in γ˙N
√
λN tp is also apparent particularly
for these two samples. In contrast, the measured value,
γ˙
√
λtp, of the strain at the overshoot peak of birefrin-
gence, although “begins” at a value (viz., 0.5 – 0.7) that
is similar to 0.7, it shows an initially decreasing and then
increasing trend with the increase of the rate of defor-
mation for all three polystyrene samples. The change
in the trend occurs at (WiR)N between 0.3 and 0.6 for
all three fluids, which is again similar to the proposed
value of 0.4. The distinct difference between the curves
for γ˙N
√
λN tp and γ˙
√
λtp is, again, indicative of the fact
that the changes in the polymer conformation and the
flow-deformation are crucially inter-twined.
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FIG. 43. Transient evolution of birefringence, normalized
with the corresponding asymptotic values, for the same sam-
ple, PS81, at the same measured WiR = 0.699, but at several
different points across the gap between the stagnation-point
and the roller surface of the two-roll mill.
C. Measurements at different positions within the
flow
It is understandable that the overall flow in a two-roll
mill will be very complicated and the stagnation region in
which we perform our birefringence as well as flow mea-
surements is a very small and special region of the entire
flow where the flow can be approximated by the uniform
and homogeneous form given by Eqn. (1), for both New-
tonian and viscoelastic fluids. Hence, to try to measure
and interpret the polymer conformation, the flow kine-
matics and/or their coupling in any region of the flow
other than the stagnation would be an extremely difficult
experimental task. Earlier numerical simulation results
(using the Chilcott-Rallison model [26] for dilute poly-
meric solutions [22], and the vector model [20] for the en-
tangled polymer solutions) for the present configuration
of the two-roll mill (i.e., with λN = 0.1501), had shown
that at a constant rate of imposed flow-deformation, the
extensional character of the flow (i.e., the value of λ)
as well as the rate of strain, γ˙
√
λ , reduce compared to
their Newtonian-value, λN , and γ˙N
√
λN , respectively,
(or the flow becomes more shear-like) in the region close
to the roller surface. In fact for the entangled fluids [20],
the rate of strain in the gap between the rollers smoothly
changes its value from a minimum at the stagnation-point
to a maximum at the roller surface. The difference be-
tween the minimum and the maximum could be as high
as three to four times depending on the concentration of
the sample.
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FIG. 44. Same as Fig. 43, but for inception of orientation
angle, χ.
We have attempted to measure the birefringence and
the flow-parameters at different points in the two-roll mill
flow from the stagnation-point to the roller-surface when
the two-roll mill is orientated along the y axis in Fig.
2, i.e., when φ = 90◦. The flow measurements are also
performed for the other orientation of the two-roll mill,
i.e., when it is oriented along x axis (φ = 0◦). It is
intrinsic to our set-up that the two-roll mill can be ro-
tated only about the central stagnation-point. This re-
stricts us to measure only one velocity-gradient compo-
nent at different points along the x and y axes when the
flow-cell is orientated along the same directions. At the
stagnation-point these two velocity-gradient components
are just γ˙ and γ˙λ , respectively. In these attempts, we
have assumed that the flow at different positions along
these two axes, to a first approximation, can still be de-
scribed by Eqn. (1), so that the process of measuring the
21
velocity-gradient parameters via dynamic light scatter-
ing is still valid. Although this has not been rigorously
verified, pending the availability of a more detailed cal-
culation for measuring the velocity-gradient parameters
at different points in the flow, we can still use the same
DLS technique to get an approximate picture of the flow
kinematics. The distance from the stagnation-point to
the surface of the rollers for the present configuration of
the two-roll mill is 4.22 mm, but the gear assembly at-
tached in front of the two-roll mill obstructs the beam to
go through the sample-cell beyond a distance of 1.3 mm
from the stagnation-point when the flow-cell is orientated
along y axis. This restriction does not apply when the
two-roll mill is rotated along x axis.
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FIG. 45. Transient evolution of the velocity-gradient com-
ponent at several different points along y axis of Fig. 1
for sample, PS81, at the measured Weissenberg number,
WiR = 0.699, and the two-roll mill orientation, φ = 90
◦.
Fig. 43 and 44 show the temporal-evolution of the
birefringence (scaled with the corresponding asymptotic
value), and the orientation angle at four different points
along the y axis on inception of flow to a measured
Weissenberg number of 0.699 for the polystyrene fluid
PS81. The birefringence at the stagnation-point shows a
very distinct overshoot and undershoot behavior before
reaching the asymptotic value, which is higher than the
peak overshoot. This is a characteristic feature shown
by PS81 when subjected to extension-dominated flows,
as we have noticed before in Fig. 18. As one approaches
closer to the roller-surface from the stagnation-point, the
strength of the overshoot increases but the undershoot
diminishes so that we finally obtain a birefringence curve
with a single peak and a slight undershoot measured at
2.159 mm away from the stagnation-point towards the
surface of the rollers. Before the reaching the asymp-
totic value, the temporal-dependence of the orientation
angle also exhibits a transition from a distinct undershoot
behavior at stagnation-point and in the region close to
it, characteristic of an extension-dominated flow, to a
smaller and wider undershoot behavior quite away from
the stagnation-point, characteristic of a more shear-like
flow. This confirms the theoretical findings [20,22], as
discussed above. The different curves for the orientation
angle versus evolution time exhibit most differences from
each other in the time-period te = 0.7 s – 30 s, which is
shifted in time from the time-period te = 0.2 s – 10 s,
over which the corresponding birefringence curves show
most differences from each other. This, again, is con-
sistent with our earlier observations. It is important to
note from Fig. 44, that at the same measured WiR the
polymer chains are asymptotically orientated to the same
angle, χ∞ ∼ 15◦, at different points studied within the
gap between the rollers.
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FIG. 46. Same as Fig. 45, but along x axis of Fig. 1 and
2, and φ = 0◦.
The time-dependent velocity-gradient component
along y axis for the inception of the same flow is de-
picted in Fig. 45. As noted before, at the stagnation-
point, this parameter is simply γ˙λ , which already shows
the impact of the polymer induced flow-modification even
at the first point of our measurement, i.e., as early as
te = 0.3 s, where its measured value is shown to be lower
than the Newtonian-value of 0.2. The temporal behavior
of this component at different positions along y axis, for
φ = 90◦, is surprisingly similar in shape to that of γ˙λ.
In particular, all of them “begin” with an initial higher
value, pass smoothly through a minimum and again in-
crease to reach the asymptotic value (which is lower than
the initial value) as early as te ∼ 15 s. This component of
the velocity-gradient tensor increases in magnitude when
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approached towards the surface of the rollers from the
stagnation-point. In sharp contrast to this, the compo-
nent along x axis, when φ = 0◦, does not change much
between the two rollers. This is clearly shown in Fig. 46,
where the different curves almost overlap on to each other
until about te = 15 s, beyond which the asymptotic value
is reached faster in time in the region closer to the roller-
surface, compared to that in the stagnation-point, where
even at te = 30 s, this component of velocity-gradient still
shows an increasing trend. A closer look at the differences
among these curves indicates that there is a decreasing
trend in the value of this velocity-gradient component
away from the stagnation-point at each instant of time
during the flow evolution. This behavior is opposite to
what is seen in Fig. 45. Interestingly, for all the curves
shown in Figs. 45 and 46, the time at which the minimum
of the undershoot is reached is almost constant, te ∼ 4 s.
Similarly, the peak of the birefringence for all the curves
occurs at te ∼ 2 s, and these to times are strongly cor-
related to each other. As we have noted before, these
times are direct functions of the Weissenberg number of
the flow and the molecular characteristics of the polymer,
both of which are held fixed in this case. These obser-
vations are qualitatively in a very close agreement with
that found using the vector model [6] by Remmelgas et
al. [20] for the start-up of two-roll mill flows for entangled
polymeric solutions. It is important to note that given
the inherent difficulty of our set-up to measure the other
velocity-gradient components corresponding to Figs. 45
and 46, a critical comparison to the findings of the above
model on the flow in the gap between the rollers, dis-
cussed above, is impossible. Nevertheless, it is clear that
it would be extremely worthwhile to calculate the pre-
dictions from this model for these experimentally mea-
surable parameters and that should be compared to the
present findings for a further insight on the dynamics of
the polymer microstructure and the velocity-field.
V. SUMMARY AND CONCLUSIONS
We have presented our results on the transient evo-
lution of birefringence and orientation angle for a series
of entangled polymer solutions subjected to the start-
up flow at several Weissenberg numbers. An exten-
sive study of these results along with the correspond-
ing velocity-gradients for each Weissenberg number and
for each sample, measured using a dynamic light scat-
tering technique, is presented for the first-time for such
extension-dominated time-dependent flows. As expected,
there is a very significant flow-modification geared by
the orientation and stretching of the polymer molecules.
The measured flow kinematics show that the effect of
the polymers on the flow in the immediate vicinity of the
stagnation-point is to decrease its extensional strength
(and the rate of strain) relative to the velocity-field for
a Newtonian fluid. This drastically changes the value of
the steady-state WiR measured at the stagnation-point,
which we have used to identify each transient experiment,
from that imposed on the polymeric fluids. Similar re-
sults of polymer induced reduction of strain-rate at the
stagnation-point of a two-roll mill was also obtained ex-
perimentally for dilute polymer solutions [17,21]. This
observation was qualitatively interpreted [17,22], using a
dumbbell model [26], from the fact that dilute solution of
high molecular weight, linear, flexible polymers strongly
strain-rate harden in extension-dominated flow [23]. In
contrast, entangled polymeric fluids strain-rate soften
over a considerable range of strain-rates in such flows
and hence the experimentally observed similar behavior
for these very different polymer concentrations seems to
be quite remarkable. However, recent numerical stud-
ies by Remmelgas et al. [20], using a vector approxima-
tion of the DEMG model in a two-roll mill, have indeed
predicted a decrease in the strain-rate at the stagnation-
point for entangled polymeric fluids, in clear agreement
with our experiments. They interpreted that this de-
crease results from the effect of a shear-thinning viscos-
ity in the flow near the rollers which makes momentum
transfer to the region between the rollers less efficient.
This prediction is specific to the extension-dominated
flows generated in the two-roll mill only.
We observed a very distinct coupling between the poly-
mer conformational dynamics and the changes in the
flow-field. The results for the time-dependent flows pre-
sented in this paper, the corresponding steady-state re-
sults in Part I [12], as well as some other studies from
our laboratory [11] unequivocally emphasizes that the in
the flow regime away from chain-stretching, these cou-
pled dynamics are invariant to changes in polymer con-
centration and molecular weight, as long as the num-
ber of entanglements per chain is held fixed. On the
inception of flows with similar Weissenberg numbers, an
increase in the number of entanglements per chain was
accompanied by increased overshoot and undershoot in
the birefringence and by a slower response time, in addi-
tion to a decreased steady-state stretching of the polymer
chains. There is an associated undershoot in the orien-
tation angle data at high rates of deformation which is
shifted to longer times compared to the first overshoot
in the birefringence. The polymer induced flow behav-
ior is very complicated. The variation of the magnitude
of the flow-parameters over the total evolution time is
very pronounced for the fluid with lowest Ne, in contrast
to a weak effect found for the other two samples having
similar value for Ne. There is a transition in the behav-
ior of the polymer anisotropy as well as the coupled flow
dynamics at some critical Weissenberg number specific
to each system. The velocity-gradient component, γ˙λ ,
and hence the flow-type parameter, λ, are more sensitive
to the impact of evolution of the polymer microstruc-
ture, than the other velocity-gradient component, γ˙ .
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The undershoot in the measured flow-parameters seem
to be strongly correlated with the first overshoot in the
birefringence and hence the first undershoot in the ori-
entation angle data. The Newtonian-strain at the over-
shoot of birefringence for the polystyrene solutions shows
qualitatively similar behavior to that found earlier [18,24]
for the extension-dominated flows. The behavior for the
measured strain, in contrast, differs from that because
of the strong modification observed in the flow from the
corresponding Newtonian-value. In similarity with that
seen with dilute polymeric solutions [17,21], the flow with
the entangled solutions too reduces its extensional char-
acter and becomes more viscometric or shear-like away
from the stagnation-point although the underlying mech-
anism in these two cases was shown, in a recent theoret-
ical work [20], to be very different from each other. The
measured velocity-gradient shows different behaviors in
the gap between the rollers depending on the orienta-
tion of the two-roll mill in the plane of the flow. At
small Weissenberg numbers the flow-type parameters ex-
tracted from the dynamic light scattering results have
values that are consistently higher than that would be
expected for a Newtonian fluid. Our steady-state results
[12] on the same polymeric fluids also support this find-
ing. This is the first-time observation of such a behavior
of the flow-type parameter for entangled polymer solu-
tions in the range of small Weissenberg numbers for a
strong, extension-dominated flow. The numerical sim-
ulations by Remmelgas et al. [20] have clearly shown,
in direct similarity with our experimental results, that
the flow-type parameter for entangled polymer solutions
near the stagnation-point for this particular configura-
tion of the two-roll mill does increase relative to the
Newtonian-values, at small Weissenberg numbers. This
point certainly deserve further careful experimental and
theoretical studies, and ongoing experiments in our lab-
oratory are intended to resolve this issue. Nevertheless,
the results presented here provides an unique basis to cru-
cially test the reptation based DEMG models with chain-
stretching included. This can be done by using the ex-
perimentally measured time-dependent velocity-gradient
as an input to the model and then comparing its predic-
tion for the time-dependent birefringence and orientation
angle to that obtained experimentally. Alternatively, for
the range of parameters involved in this study, one can
numerically simulate both the birefringence and velocity-
field, using the computationally tractable vector approx-
imation of the DEMG model [6], which could then be
compared with the present experiments. In contrast to
the first method, the second one simulates the predictions
of both the effect of flow on polymers and the effect of
polymers on flow. Work is underway in these directions.
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TABLE I. The characteristic parameters for the three
polystyrene samples.
Sample Mw Mw/Mn c η0 Ne τR nt
(×106) (
g
cc ) (P) (s)
PS81 8.42 1.17 0.0396 7500 ∼ 13 2.25 8420
PS82 8.42 1.17 0.0262 2700 ∼ 7 3.01 8420
PS2 2.89 1.09 0.0867 19000 ∼ 13 0.56 2890
TABLE II. The Weissenberg
numbers [measured, WiR = γ˙λ
1/2τR, and the Newtonian,
(WiR)N = γ˙Nλ
1/2
N τR] used for the three polystyrene samples
and the percentage flow-modification.
PS82 PS81 PS2
(WiR)N WiR % (WiR)N WiR % (WiR)N WiR %
0.099 0.078 21.33 0.052 0.004 92.04 0.031 0.013 59.09
0.199 0.144 27.56 0.058 0.006 90.58 0.057 0.027 51.89
0.298 0.199 33.26 0.081 0.011 86.83 0.114 0.056 51.21
0.394 0.245 37.88 0.103 0.017 83.45 0.177 0.075 57.66
0.494 0.284 42.42 0.295 0.103 65.19 0.315 0.151 52.10
0.593 0.319 46.20 0.443 0.181 59.15 0.400 0.215 46.32
0.792 0.384 51.49 0.592 0.266 55.04 0.429 0.236 45.00
0.990 0.455 54.05 0.889 0.470 47.13 0.468 0.263 43.82
1.385 0.636 54.07 1.183 0.699 40.95
1.782 0.843 52.70
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